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EXPERIMENTAL TUDIE	
Use-Dependent Effects of Lidocaine on the Upper Limit of
Vulnerability in Open Chest Dogs
YONG-MEI CHA, MD, BARRY B. PETER, MD, PENG-HENG CHEN, MD, FACC*
an Diego, California
Objectives . This study was performed to test the hypothesis that
sodium channel activity Is important In determining ventricular
wlneradlity to electric shocks .
Background. It Is unknown whether sodium channel activity
determines the upper limit
Of vulnerability .
Methods. The ventricles of 10 open chest dogs were paced at
300-, 500., or 1,000-ace cycle lengths . The shock strength stand
.
ated with a 50% probability of reaching the upper Omit of
vulnerability (ULV
w)
and the shock strength amocBted with a
50% probability of defillbrtllallon (DPTm) were then determined
by means of an apdown algorithm. LidoWee (9,2-mnj g body
weight loading dose and 285-pgl kg per min maintenance dam)
was then given, and the ULVW and the DFTW were redetermined
after I h of stable Infusion .
Results . The mean (B D) lidocalne concentration was 11 .9B
2 .4 pg/mt . At baseline, the ULVso tested with each , cycle length
It has been well demonstrated that the ventricles are vulner-
able to a single premature stimulation only during the
vulnerable period of the cardiac cycle (1) and only when the
stimulus strength is above the ventricular fibrillation thresh-
old (2) but below the upper limit of vulnerability (1,3-7),
Further studies have revealed that this upper limit of vulner-
ability correlates well with the defibrillation threshold (4-7),
indicating that the mechanisms by which a shock success-
fully defibrillates might be closely related to the mechanisms
by which a shock reaches the upper limit of vulnerability
(6-10). Upper limit of vulnerability testing may also be
useful in estimating the defibrillation threshold during im-
plantable cardioverter-defibrillator implantation (7) .
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was not significantly different from the DFT n, During Iidecaine
Wagon, the ULVsg determined with cycle lengths of 300 and
500 ms (18 .9
:
11.3 and 16.1 t 8 .9 J, respectively) were
significantly (p < 0 .05) higher than those simultaneously deter-
mined for the DFTsg (11.2 2 4 .1 and 10 .9 ± 5.6 J, respectively)
.
However, when determined with an , cycle length of 1,000 ms,
the UI:Vw
(10.4* 4
.1
J)
was oat found to hesipifeantly different
from the DFTa (10 .3 t 5
.3 J)
. Lidoaine Infusion increased (p <
0.05) QR duration and the effective refractory periods for cycle
lengths or 300 and 500 ms but not 1,000 mg.
Conclusions . The effect of Odaalae on the upper limit of
vuloeaMWy Is me dependent. Them recalls as compatible with
the hypothesis that sodium channel activity Is Important In
determining
ventricular
vulnerability to electrical shocks .
U Am Call Cardiol 1994;23:1688-92(
mechanisms by which an upper limit of vulnerability exists
and the factors that can influence it are not clear.
Echt et al
. (II) demonstrated that the value of the
defibrillation threshold is dependent on sodium channel
activity . If the mechanisms of vulnerability and defibrillation
are closely related (10), then sodium channel activity should
also be important in determining the upper limit of vulnera-
bility . An established method to manipulate the sodium
channel-blocking effects of lidocaine is to alter the pacing
cycle length (12-14) . The purpose of this study is to deter-
mine the upper limit of vulnerability during lidocaine infu-
sion while the ventricles are paced at different baseline ( 1 )
pacing cycle lengths to test the hypothesis that sodium
channel activity is important in determining ventricular
vulnerability .
Methods
Animal preparation. The research protocol was ap-
proved by the Animal Care and Use Committee of the
University of California, an Diego, and the Veterans Af-
fairs Medical Centers, an Diego, California, and followed
the guidelines of the "Position of the American Heart
Association on Research Animal Use" adopted by the
Association in November 1984 . The protocol of surgical
preparation was essentially the same as that described in a
previous publication (15). Briefly, 10 adult mongrel dogs of
0735 .10971M17.00
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zither gender were anesthetized with 25 to 35 mgikg body
weight of sodium pentobarbital (16,17), intubated and venti-
lated by a Harvard respirator (Harvard Apparatus). Arterial
blood pressure, blood gas, pH values and esophageal tem-
perature were monitored continuously
. The chest was
opened through a medium sterootomy and the heart sus-
pended in a pericardial curdle. Two patch electrodes, each
with an active surface area of 13
.5 cm- (CPI), were sutured
to the anterior and the posterior surfaces of the left ventri-
cles for induction of ventricular fibrillation and defibrillation .
The surface electrocardiogram (ECG) leads L 11, 111. aVR,
aVL, aVF and V6
and 56 channels of right ventricular
epicardial electrograms were recorded simultaneously by a
computerized mapping system (Bud Electrophysiology)
.
The surface ECG leads were displayed on a multichannel
oscilloscope throughout the study . The right ventricular
epicardial electrograms were recorded by a 2.5-cm x 3,5-cm
plaque electrode array . The results of the electrogram signal
analysis will be published elsewhere .
A platinum pacing electrode was attached to the epicar-
dium of the left ventricular apex for unipolar cathodal ,
stimulation, with the anode on the chest wall
. The same
pacing site was used for all animals studied
. Complete heart
block was produced by injection of formalin into the atrio-
ventricular (AV) junction (18)
. After successful AV node
ablation, the ventricular escape cycle length was always
>1,000 ms . The ventricles were then paced by an external
pacemaker to maintain hemodynamic stability .
A multichannel stimulator was used to drive constant-
current stimulation isolation units (Bloom) to give 5-ms
stimuli at twice cathodal diastolic threshold baseline stimu-
lation ( 1). Each drive train consisted of 20 , stimuli at
cycle lengths of 300, 500 and 1,000 ms . A random number list
was used to determine which of these three cycle lengths
was used first, second and last . The effective refractory
period of each pacing cycle length was determined at the ,
pacing site at twice the cathodal diastolic threshold.
To give shocks through patch electrodes, a second chan-
nel of the MP-300 stimulator was used to deliver a prema-
ture stimulus ( 2 ) at predetermined ,-, coupling intervals .
The 2 was used as an external signal to trigger the delivery
of high voltage truncated exponential electric shocks of 6-ms
duration and a variable tilt by means of an HV-02 defibril-
lator (Ventritex) to the epicardial patch electrodes for the
induction of ventricular fibrillation . The tilt of these con-
stant-duration, constant-capacitance shock waveforms was
variable because the lead impedance varied . The leading-
edge voltage, the delivered energy and the impedance of the
shock were displayed on the defibrillator immediately after
each shock was delivered. The current output was then
calculated using Ohm's law . Once ventricular fibrillation was
induced, the defibrillator was switched to the asynchronous
mode to attempt defibrillation in 15 to 20 s . If defibrillation
was unsuccessful, a rescue shock was immediately deliv-
ered. The rescue shocks were not included in the data
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analysis
. The minimal interval between fibrillation-
defibrillation episodes was 4 min
.
Ventricular fibrillation induction and upper limit of v alner-
ability determination. The delayed up-down algorithm
(7 .15,19_0) was used to determine the value of the shock
strength associated with a 50% probability of reaching the
upper limit of vulnerability (ULV su).
The ventricles were
paced at cycle lengths of 300, 500 or 1,000 ms for 20 beats
.
To induce ventricular fibrillation and to test the ULV
sn , a
300-V shock was given at the beginning of the T wave . The
 I
-, interval was then progressively increased at 10-ms
increments until a total of 10 shocks were given or ventric-
ular fibrillation was induced. All shocks that did not induce
ventricular fibrillation were separated by I min . An up-down
algorithm (I) was used to determine the ULV, n. This
protocol was chosen because the same protocol had been
used in a previous study (15) to test the effects of lidocaine
on the relation between the shock strength associated with a
509 probability of successful defibrillation (DFT, o) and
ULV,
n .
With a step size of 50 V . we were able to determine
the differences of VLV, and DFT 9 during high concentra-
tion lidocaine infusion . Furthermore, although we scanned a
total of 140 ms of the T wave during that study, in all except
one of the 47 episodes of ventricular fibrillation induction
during ULV, n
testing, was ventricular fibrillation induced
when the shock was given on the upslope of the T wave (15) .
On the basis of these results, and in the interest of shortening
the duration of the study to ensure the stability of the
preparation
. we decided to scan only the 1st 90 ms of the T
wave for ULV, u determination.
Defibrillation threshold determination . The delayed up-
down algorithm (7,15,19,20) was also used to determine the
DFT5, according to a protocol reported elsewhere (15) .
Lidocaine administration, The ULV, 7 and the DFT;o
were determined both at baseline and during lidocaine
infusion . After baseline testing, a high dose of lidocaine
(11 . )5) was administered with a 9 .2-mg/kg loading dose and
a 285-gglkg per min maintenance dose . The ULV,, and the
DFT,n were redetermined during stable maintenance infu-
sion I h after the loading dose . The lidocaine concentration
was sampled through the femoral artery cannula at the
beginning, in the middle and at the end of the study .
Data analysis. The duration of the QR complex during
paced rhythm was measured from the onset of the ventric-
ular pacing artifact to the end of the QR complex in ECO
lead II . All statistical analyses were performed using
YTAT (21) . The results are expressed as mean values
I D. Paired t tests were used to compare the ULV so ,
DFT 9
, QR duration and effective refractory period before
and after administration of lidocaine at different pacing cycle
lengths, and _0.05 was considered significant for single
comparisons . For three comparisons, p s 0.05 divided by 3,
or 0.017, was significant for an individual test (Bonferroni
procedure) (22) .
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Table 1 . Effects of Lidocaine on :he ULY,O and the DFT, a
Results
The mean (± D) body weight
of the dogs studied was
19 .4 ± 2.9 kg, and the mean heart weight was 159
.5 ± 34.3 g .
The serum lid ocaine concentration was 11 .1 ± 1 .8
p4/ml
I h
after the loading dose, 11 .7 ± 0.7 gig/ml at midstudy and
14 .2 ± 2 .1 pg/ml at the end of study (p = N) . The overall
mean lidocaine concentration was 11 .9
5:
2 .4 pg/ml. The
mean shock impedance was 59 ± 16 ohms. The mean
difference between maximal and the minimal impedance
during the experiment was 33 ± 14 ohms
.
The ULV,g and DFT,g before and during lidocalne infu-
sion. Both the ULV, o and the DFT50 were significantly
increased during lidocaine infusion (Tzble I). There was no
difference between the ULV, o and the DFT,o at baseline for
any of the pacing cycle lengths (Table 1). During lidocaine
infusion, the ULV,o at both the 300. and the 500-ms cycle
lengths was higher than the simultaneously determined
DFT,5, However, when the ULV 3g was determined with an
, cycle length of 1,000 ms, the ULV0 and the DIFT5. were
not significantly different (Table I)
.
Effects of lidocaine on eledrophyslologk characeristks .
Table 2 shows the effects of lidocaine on the electrophysie-
logic characteristics of the dogs studied . Lidocaine signifi-
cantly increased QR duration and effective refractory pe-
riods when the ventricles were paced at 300 and 500 ms but
not at 1,0(10 ms .
Discussion
Lse-dependent effects of Ildoptne on ventricular voltsera-
hllfty. According to the modulated receptor hypothesis (12-
14), when sodium channels see at rest, they have a low
affinity for lidocaine
. However, when sodium channels are
activated by depolarization, their affinity for lidocaine in-
creases. The affinity of lidocane fnr sodium channels is
enhanced with higher frequencies of depolarization (14) .
ome investigators (14,23) have measured the QR duration
and the HV interval at different stimulation cycle lengths in
intact hearts . When the paced cycle length was 6400 ms, the
JACC Vol . 23 . No. 7
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'p < dot and ti, < old (lidocaine compered with baseline) . tp < 0.05 and fp < 0.01(ULVv compared with DFr„1. Dana- presented as em, values x
5D. DFT,o = Il,e shock strength associated with aM probability ofsuccessful defibrillation ; IJLV,
n -
Ibe shack strength associated with a %t probability
or reaching the upper lima of vulnerability.
QR complex and HV interval were found to have in .
creased. However, when the pacing cycle length was
30500 ms, there was no increase in the QR complex or HV
interval (23). Thus, the use-dependent block only occurred if
the time between pulses was insufficiently long to allow for
complete recovery from the block developed during the
previous activation . Moreover, with an increase in the
frequency of stimulation, a new level of block in the sodium
channels was established after two or fewer depolarization' .
This result was found both in vitro with measurements of the
maximal rate of change of voltage over time (V_) and in
vitro with a study of myocardial conduction (24).
In our study, lidocaine increased QR duration when the
ventricles were paced at cycle lengths of 300 and 500 ms but
not at 1,000 ms
. These findings are compatible with a
previous study in humans that demonstrated an increased
QR duration when shorter pacing cycle Lengths were used
(23) . Hriwever, because the concentration of lidocaine used
in this study was much higher than that used in humans (23),
the QR duration increased in this study at both 300- and
500.ms cycle lengths, whereas in the previous study the QR
Table 2
. Electrophysiulogic Effects of Lidocaine
'p < 0.01
(I'd""
compared witty bowline at name 'yet' legh) . Ilea
presented are mean values 2 D . ERp- elreciive nelmcmry period .
300 ms 50D ms 1.000 ms
ULV
.,
DFT,o ULV,e DFr,,, ULV ., byr„
Entrgy (It
hocetine 5 .9 2 2,9 6 .12 3 .8 4 .701 .2 5.623
.5
5
.1!3.1
7
.226.0
lidocaine 18 .9 x 11 .3.1 11 .2 x 4.1' 16.1 x 8.9" 10.9 ± 5 .6' 104 ± 4.1' 10.1 5.3t
VeIno,, (': )
tingle a
329 2 73
126 2 94 303 ± 44 317 290 301
2
87 34$ , 137
Linvanio
563 2 155'1 449 2
114'
527 ± 173'1
439 ± 136' 430 0 1W 430 ± 140!
Cornet IA)
Baseline 3 .9 ± 1 .2 4 .0, 1 .2 3 .5±0b 3.821 .1 3.6x1 .3 4.2x1 .8
rid-1,, 7 .7 i 2 .O'5 5 .8 z 1 .2' 6.9±2.591 5.7x1 .3' 5.6x1 .4' 5.4x1 .41
QR Complex
(ms)
ER)'
lint)
At Baseline
Cycle length
300 ms
500 me
tan ets
94 2 i8
94 x I8
93 ± 18
189 x 19
N1 x 19
242 ! 26
Wring Lidocaine Infusion
Cycle length
300 1115
OD ms
1.000 es
tt1, x21'
IO x Is'
100 2 I6
212220'
23, x 29'
254 2 15
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duration only increased with pacing cycle lengths <400 ms
(23) .
In our previous study (15), both the DF F 50 and the ULV 5
determined with a 300-ms pacing cycle length were signifi-
cantly higher during lidocaine infusion than at baseline .
However, the increment in the ULV
a
was higher than that
in
DFT
5. To determine whether the increment in the
ULV,O
was cycle-length dependent, we compared the ULV50 deter-
mined with three different pacing cycle lengths with the
DFI r . The results showed that at baseline, there was no
difference between the ULV50
and OFT, at any pacing
cycle length and that during lidocaine infusion, the ULV D
was significantly greater than the DFT, O at 300- and 500-ms
but not at 1,000 . This result corresponds to the increment in
QR duration observed for 300 and 500 but not for 1,000 ms
.
The dissociation of the ULVD from the DFT,5 during
lidocaine administration implies that a faster pacing rate
x500 ms immediately before the shock may exert a use-
dependent effect on the induction of
ventricular fibrillation .
Thus, sodium channel activity may be an important factor in
determining ventricular vulnerability
. However, because the
ULVD
during lidocaine infusion at a 1,004-ms pacing cycle
length was higher than the ULV 50 at baseline at the same
pacing cycle length, when use dependence should not have
been present, factors other than sodium channel blocking
might have also played a role in increasing the
ULV50 during
lidocaine infusion.
The upper limit of vulnerability hypothesis states that the
mechanism of defibrillation is closely related to the mecha-
nism of vulnerability . For a shock to defibrillate success-
fully,
it must reach or exceed the upper limit of vulnerability
so that the shock will not reinitiate ventricular fibrillation .
Because of the short activation cycle length during ventric-
ular
fibrillation, lidoraine should have resulted in more
use-dependent effects during fibrillation than during regular
pacing at a 300-ms cycle length . However, the defibrillation
threshold during lidocaine infusion was significantly less
than the upper limit of vulnerability tested when the ventri-
cles were paced at a 300-ms cycle length . One explanation
for this finding is that the upper limit of vulnerability
hypothesis is incorrect . Another explanation is that although
the short cycle length during ventricular fibrillation may
facilitate sodium channel block, the brief duration of
the
action potential is unfavorable for the blocking action to
occur (25 .26). Therefore, during ventricular fibrillation,
there might have been less use-dependent block of sodium
channels than during ventricular pacing at a 300-ms cycle
length .
tudy limitations
. One limitation of this study is that
fonnalin was used to ablate the
AV node. Formalin can
cause local tissue death, and its effects on ventricular
vulnerability are unclear . However, farmalin injection was
performed before the baseline study. The effects of pacing
cycle length on the ULV 50 were observed only during
fidocaine infusion. Thus, it is unlikely that the use
of
formalin altered the results obtained in this study
.
CHAETAL.
	
2571
LIDOCAINE AND VULNERABILITY
A second limitation is that the shortest pacing cycle
length used in the study was 300 ms
. When we attempted to
pace the ventricles at cycle lengths <300 ms during lidocaine
infuse .. the ventricles either could not be consistently
captured or fibrillated
. Thus, we could itot determine the
ULV,
0 at cycle lengths as short as that observed during
ventricular fibrillation . Whether or not the ULV8 and
DFT

, are still correlated when ventricles were activated at
similar rates cannot be determined by this study .
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